The Social Force Model and its Relation to the Kladek Formula by Kretz, Tobias et al.
The Social Force Model and its Relation to the Kladek Formula
Tobias Kretz, Jochen Lohmiller, Johannes Schlaich
PTV Group, Haid-und-Neu-Straße 15, D-76131 Karlsruhe, Germany
{First.Family}@ptvgroup.com
December 7, 2015
Abstract
It was recently found that the Social Force Model of pedestrian dynamics in a macroscopic limit
for 1d movement does not reproduce the empirically found inflection point of the speed-density
relation. It could be shown that, however, a simple and intuitively comprehensible extension of the
Social Force Model shows the inflection point. Motivated by this observation in this contribution
the relation of the Social Force Model with the Kladek formula for the speed-density relation of
urban motorized traffic is discussed. Furthermore the models are compared to results data from
experiments on vehicular, cycling, and pedestrian dynamics.
1 Introduction Part I: Empirical Data on Pedestrians’ Speed-
Density Relation
In the course of recent years a number of experiments have been conducted in which pedestrians
walk single-file in a closed loop [1–5]. Having a different number of pedestrians in the loop different
densities are prepared. In a section of the loop density – in this case: line density [persons / m]
– and speed are measured. Figure 1 shows the experimental setup from which most data stems.
There were experiment runs in which the loop was larger and more pedestrians participated, but the
principle was always the same.
Figure 1: Experimental setup. Source: Figures 2 and 3 of [1]
The experiment has been conducted at various places around the world. Figure 2 shows for
example results for India and Germany for various loop sizes and different social background (profes-
sions) of participants. In all cases the curvature of an imagined function approximating the data has
a negative curvature at small densities and – more important and interesting – a positive curvature
at high densities. With the positive curvature at high densities speed approaches zero for increasing
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densities only “slowly”. This is an important property of the speed density relations that have been
found in these experiments. Models of pedestrian dynamics should be able to reproduce the change
of the sign of the curvature with density, i.e. that the speed density relation has an inflection point.
A simpler and necessary (although not sufficient) condition is that the curvature of the speed-density
relation – the second derivative of speed by density – vanishes at some certain density.
Figure 2: Speed density diagram for different loop sizes and professions in India (left) and Germany
(right). In India the participants in both experiments were students, in Germany the participants
in the short loop experiment were students, the participants in the long loop were soldiers. Sources:
left: Figure 7 of [2]; right: Figure 1 of [5]
2 Introduction Part II: the Kladek Formula
In 1966 Kladek [6] suggested the following equation as macroscopic function to describe the relation
between average momentary speed v¯m and density ρ of motorized urban road traffic:
v¯m = v¯f
(
1− e−γ( 1ρ− 1ρmax )
)
(1)
“Average momentary speed” – also called “space-averaged speed” – means that for speed-density
data to comply the Kladek formula, speed has to be measured first, along an extended section of the
road at one time and second by measuring how far a vehicle moves in an externally given, very short
time span. The latter is sometimes forgotten, although it is equally important: if speed is measured
by measuring the time it takes to move a fixed distance, speed zero cannot occur.
If speed is expressed in fraction f of the free speed v¯f and density as fraction x of the maximum
(i.e. stand still) density the Kladek formula reduces to
f(x) = 1− e−a( 1x−1) (2)
leaving only one free parameter – a – to adjust the function to empirical data. The relation between
parameter a in equation (2) and parameter γ in equation (1) is γ = aρmax.
In their text book Lohse and Schnabel [7] point out that the Kladek formula has a number of
favorable properties in the sense that one single formula covers the entire density range giving free
speed for zero density and zero speed for maximum density.
We note that the Kladek formula has an inflection point which is located – for equation (2) – at
xi = a/2.
It is sometimes pointed out for road traffic that the maximum of the flow is located at or near
the speed drop in the speed density relation [8, 9]. For vehicular traffic this has been achieved with
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piece-wise definitions of the fundamental diagram. For a smooth and analytical function as the
Kladek formula this means that the inflection point of the speed-density relation (where the first
derivative is most negative) has to be at the position of the maximum of flow1. For equation (2)
this requirement translates into two equations:
∂
∂x
(xf(x))|xc = 0 (3)
∂2
∂x2
f(x)|xc = 0 (4)
which when solved fix the value of parameter a to a = 2− ln(3) ≈ 0.901, leaving no more freedom
for calibration with empirical data. However, Figure 3 which shows the speed density and the flow
density relation for various values of parameter a, suggests that this value does not yield the closest
approximation to empirical data.
Figure 3: Speed-density (left) and flow-density (right) relations according to equation (2) for various
values of parameter a.
Figure 3 shows that for different values of parameter a the maximum in the flow-density diagram
can be on the left or on the right side of x = 0.5. Since usually in pedestrian as well as vehicular
traffic the maximum is located left of half the maximum density it is interesting to know the value
of a for which the maximum is exactly at x = 0.5 and that is where
(1 + 2a) = ea (5)
therefore
a = −W−1
(
−1
2
e−
1
2
)
− 1
2
≈ 1.256 (6)
with W−1() denoting the lower real-valued branch of the Lambert W function.
Weidmann applied the Kladek formula to describe the speed-density relation of uni-directional
pedestrian flow [10, 11]. This led to the situation that – despite Kladek introduced the equation to
describe urban vehicular flow – today the Kladek formula is and has been applied predominantly for
pedestrian dynamics and engineering [12–27] with only few literature search hits related to vehicular
traffic [28].
Weidmann’s parametrization of the Kladek formula to describe uni-directional, two-dimensional
pedestrian dynamics is
vf = 1.34 m/s (7)
γ = 1.913 1/sqm (8)
ρmax = 5.4 1/sqm (9)
1This is necessarily fulfilled, if the Gaussian function is used to describe the relation between speed and density,
compare [7].
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For the dimensionless form – and therefore valid in a one- as well as two-dimensional setting –
the value of parameter a would be
a =
γ
ρmax
≈ 0.354 (10)
3 The Social Force Model for Steady-States in Single-File
Movement
It has recently been shown [29] that in a macroscopic limit and for single-file movement the speed-
density relation of the Social Force Model [30, 31] is
x˙α = v0 − (1− λ)τA 1
e
1
Bρ − 1
(11)
where ρ is the line density of pedestrians.
It was furthermore shown that if not each pedestrian exerts a force on every other, but only
nearest neighbors effect mutually, then the resulting speed-density relation is
x˙α = v0 − (1− λ)τAe− 1Bρ (12)
We note that equation (12) is different from equation (1) only through parametrization. The
functional form is identical. The parameter equivalents are
v0 = vf (13)
1
B
= γ (14)
(1− λ)τA
v0
= e
γ
ρmax (15)
We note as a result of this work:
If the circular specification or the elliptical specifica-
tion II of the Social Force Model are modified such
that only nearest neighbors exert a force onto each
other, then the speed density relation for homogeneous
steady-state one-dimensional movement is given by
the Kladek formula. Therefore the Kladek formula is
a macroscopic limit of a modified Social Force Model.
Since the Kladek formula has an inflection point this implies that also the nearest-neighbors
Social Force Model in its macroscopic limit shows an inflection point.
In [29] an extension of the Social Force Model was proposed: the force from the second next
pedestrian should be suppressed by a factor k with 0 ≤ k < 1, the force from the third next
pedestrian by a factor k2 and so on. This suppression would be independent of actual distance
between pedestrians and would be determined only by neighborhood rank. With this extension the
resulting macroscopic speed-density relation of the Social Force Model is
x˙kα = v0 − (1− λ)τA 1
e
1
Bρ − k
(16)
respectively in dimensionless form:
f(x)k(ρ) = 1− e
a − k
e
a
x − k (17)
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This shows that with parameter k there is a continuous transformation from the original Social
Force Model (k = 1) to the Kladek formula (k = 0), since
v0 − (1− λ)τAe− 1Bρ = v0 − (1− λ)τA 1
e
1
Bρ − 0
. (18)
where the left side is the Kladek formula in Social Force Model parametrization as given in equation
(12).
Fortunately for all values of k < 1 there is an inflection point as can easily be seen in Figure
4. Thus all values 0 < k < 1 can be seen to produce both, a modification of the Kladek formula
as well as a modification of the Social Force Model, thereby preserving favorable properties like the
existence of an inflection point.
Further favorable properties of this model extension are that it can be combined with arbitrary
specifications of the Social Force Model or in general force-based models as for example [32–35]
and that the new parameter k re-opens the possibility for calibration even if one requires that the
maximum of the flow be at same density as the inflection point in the speed-density relation.
Figure 4: Speed-density (left) and flow-density (right) relations of the k-extended Social Force
Model for various values of parameter k. The plots are based on the dimensionless variants of
equations and it is a = 0.2.
4 Comparison to Empirical Data
The theory so far was straight forward and one might expect that calibration of the resulting equations
at empirical data should be equally straight forward. However, there are three issues: first, the theory
assumes nonchalant that the average free speed and the maximum density are known. Yet measuring
a meaningful average speed near maximum density is difficult if not impossible since one is faced with
stop-and-go waves in pedestrian [5] as well as vehicular traffic. Second, the wide area covered by the
speed-density pair data points makes a direct purely “cloud-based” – just by eye-sight comparison –
calibration difficult. Numerous functions can appear equally well fitting and Figure 5 shows that these
functions may have quite different parameters that determine their (similar) shape. And finally there
is only few data available that has been collected and averaged in the momentary (space-averaged)
way. The speed data in Figures 2 and 6 has been obtained by measuring the time it took pedestrians
to walk a fixed distance. In this way very low speeds are systematically underrepresented compared
to a measurement where speed is measured by measuring the distance pedestrians move in a fixed
time and speed zero can never occur in contrast to Kladek’s formula. Figure 7 shows space-averaged
data, but the publication does not state clearly if the speeds were measured with fixed ∆t or fixed
∆x. Definitely a problem is that a measurement was triggered each time a pedestrian crossed
position x = 0 which means that if density was so high that no one could move no measurement
was triggered. This implies that – although data is space-averaged – small speeds are systematically
suppressed compared to when measurement is triggered externally. Since overtaking is not possible
5
Figure 5: Four functions with different parameters displayed on the background of Figure 3 of [3]
which was produced with the same data as Figure 2 but a different evaluation method. Free speed
and maximum density were not calibrated, but were fixed a priori to v0 = 1.25 m/s and ρmax = 2.5
m−1.
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in these scenarios one can hope that the impact of the averaging method is nevertheless small. Still
one has to bear the stated limitations in mind when interpreting the results of this section.
As mentioned there is a range of parameters that produce decent agreement of the macro func-
tions with micro data. In Figure 5 one of the four functions even has a negative value for parameter
k. Mathematically this is no problem, but it does not make sense with regard to the Social Force
Model since then each second pedestrian would have an attractive and each other pedestrian a
repelling effect.
Figure 6: Various functions overlaid with data recorded in India (left) and Germany (right). Source
of original diagrams: Figure 5 of [2]. Especially for the data from India really small speeds do not
occur – possibly as a consequence of the measurement method – and standstill density could be
estimated only very roughly.
Recently a comparison has been done between the fundamental diagrams of one-dimensional,
uni-directional car, bike, and pedestrian traffic [36, 37]. For this the already referenced data for
pedestrians has been used, new data for cycling dynamics has been gathered and existing data
from an experiment on vehicular dynamics [38, 39] have been used. According to the description
of measurement and (re-)evaluation here speed has been measured in exact accordance with the
definition for momentary (quasi-instantaneous, space-averaged) measurement.
From Figure 8 it appears that kcar > kbike > kped. One may conclude that car drivers look
more ahead (react more to the next to next and further leading vehicle) than cyclists and those
more than pedestrians do. This might be counter-intuitive since for car drivers the view to all but
the immediate leader is occluded most. And this would not be without irony: the Kladek formula
(k = 0) fits better to describe pedestrian dynamics although it was introduced for vehicular (urban)
traffic while the Social Force Model (k = 1) describes rather vehicular dynamics although it was
suggested as a model of pedestrian dynamics. This is or would be a nice a posteriori justification for
those approaches where the Social Force Model was used to simulate vehicular traffic [40–45] and it
is a motivation to work further in that direction.
However, given all the limitations of currently available data all this is preliminary and must be
treated with care.
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Figure 7: Speed density diagram created from the same data as in Figure 2 (right side, soldiers)
overlaid with SFMk functions. For evaluation of the raw data a snap shot of all participants in
the whole loop is taken at one point in time (resp. two frames) and speeds are measured whereas
for density the global average density is used, see Figure 6 of [4]. The overlaid functions have the
following parameters: solid blue line: a = 0.01, k = 0.985, v0 = 1.4 m/s; dashed green line: a = 0.3,
k = 0.2, v0 = 1.3 m/s; dash-dotted red line: a = 0.5, k = −1.5, v0 = 1.2 m/s. Maximum density
in all cases ρmax = 2.8 m
−1. Parameters of the blue and red curve have deliberately been pushed
to extreme values to demonstrate the relation of values for a and k as well as the dependence on a
choice for v0.
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Figure 8: Figure 7b from [36] overlaid with SFMk functions. “density=1” marks full occupancy
(212.8 cars/km corresponding to d0 = 4.7 m per car; 578 bikes/km, corresponding to d0 = 1.73 m
per bike; 2325.6 pedestrians per km, corresponding to d0 = 0.43 m per pedestrian) and “speed=1”
marks the maximum speed (cars: 14.5 m/s; bikes: 5.5 m/s and pedestrians: 1.4 m/s). Thus different
to our approach in the paper density=1 marks the theoretically maximum density not the actual
one. Please note the comments in [36] why densities larger 1 have been measured for pedestrians.
The gray curve is our approximation to car data. It has a = 0.5, k = 0.7, and xmax = 0.8. The
magenta curve is our approximation to bike data. It has a = 0.5, k = 0.2, and xmax = 0.9. The
cyan curve is our approximation to pedestrian data with the restriction that it has to be k ≥ 0. It
has a = 0.3, k = 0.0, and xmax = 1.2. The dotted light blue is our approximation to pedestrian
data without restriction for k. It has a = 0.5, k = −2.0, and xmax = 1.2. Maximum speed is 1 for
all curves.
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5 Discussion – Conclusions – Outlook
In this contribution we pointed out that with appropriate parameters an extended Kladek formula
of the speed-density relation is the macro limit for an extended Social Force Model. Since before
Weidmann used Kladek’s formula to summarize approximate a lot of empirical data on pedestrian
dynamics, this is an indication that both – the Social Force Model as well as the Weidmann-
Kladek speed-density relation – bear some truth. At the same time it is a challenge for both that
the Weidmann-Kladek formula and the Social Force Model are linked with two different values for
parameter k.
The comparison with empirical data showed that on one hand it is possible to find parameters
with which the extended Kladek formula fits well with the empirical data. On the other hand the
parameters that result pose some questions. A reevaluation of existing trajectory data with different
evaluation procedures might clarify this. If this would confirm that parameter k requires to have
negative values and if this cannot be explained satisfyingly from effects like body sway or technical
artifacts of measurement and evaluation further modifications or extensions of the Social Force Model
could be required.
A big topic which was not even touched in this work is the issue of a 2d extension of the ideas
presented in this work. One cannot just assume that it yields realistic results if in 2d pedestrians
are sorted by distance and then parameter k is applied with an exponent according to distance rank.
Instead one can think of a multitude of possible ways to extend the model for 2d: pedestrians could
be ranked by neighborhood degree in a Voronoi diagram; or they could be ranked not by distance
but force strength; ranking could be done in fan slices; one could even think of a multi-level sorting:
first rank by time to collision and then rank those by distance where there will not be a collision
judged by extrapolation of dynamics to the future, etc.
It would also be interesting to “modify the modification”. Parameter k was introduced because
from the way the issue was addressed its introduction appeared to be the simplest way to extend
the existing model. However, from a microscopic perspective it appears simpler to not introduce
parameter k but instead just cut the sum of forces at a certain maximum number of pedestrians or –
slightly more complex – cut the summation at a maximum number of pedestrians and assign weights
to the force of those pedestrians which are considered according to their neighborhood relation. In
fact, this is what is done in vehicle traffic modeling, when standard one-leader car-following models
are extended to so called multi-anticipative car-following models [46–53]2. The consequences of a
cut-off of the summation of forces at a maximum number of pedestrians are particularly relevant
since this is usually done in computer implementations of the Social Force Model for pragmatic
reasons (computation speed).
Finally the consequences of different ways to measure density, speed, and flow [57, 58] (which
then could not be expected to match the Kladek formula) could be interesting, particularly, if they
bear consequences for the two-dimensional case.
6 Acknowledgments
For the preparation of this contribution we used David Pritchard’s Transportation Research Board
template for LaTeX[59].
References
[1] A. Seyfried, B. Steffen, W. Klingsch, and M. Boltes, “The fundamental diagram of pedestrian
movement revisited”, Journal of Statistical Mechanics: Theory and Experiment 2005 no. 10,
(2005) P10002, arXiv:physics/0506170 [physics].
2Also the Vissim model can be said to be a multi-anticipative extension of the 1974 (and 1999) models by
Wiedemann [54], since the simulated drivers by default look 4 (previously 2) vehicles ahead and adapt their speed to
the minimum computed value [55, 56].
10
[2] U. Chattaraj, A. Seyfried, and P. Chakroborty, “Comparison of pedestrian fundamental
diagram across cultures”, Advances in Complex Systems 12 no. 03, (2009) 393–405,
arXiv:0903.0149 [physics.soc-ph].
[3] A. Seyfried, A. Portz, and A. Schadschneider, “Phase coexistence in congested states of
pedestrian dynamics”, in Cellular Automata, S. Bandini, S. Manzoni, H. Umeo, and
G. Vizzari, eds., vol. 6350 of Lecture Notes in Computer Science, pp. 496–505. Springer
Berlin Heidelberg, 2010. arXiv:1006.3546 [physics.soc-ph].
[4] A. Seyfried, M. Boltes, J. Ka¨hler, W. Klingsch, A. Portz, T. Rupprecht, A. Schadschneider,
B. Steffen, and A. Winkens, “Enhanced empirical data for the fundamental diagram and the
flow through bottlenecks”, in Pedestrian and Evacuation Dynamics 2008, W. Klingsch,
C. Rogsch, A. Schadschneider, and M. Schreckenberg, eds., pp. 145–156. Springer, 2010.
arXiv:0810.1945 [physics.soc-ph].
[5] A. Portz and A. Seyfried, “Analyzing Stop-and-Go Waves by Experiment and Modeling”, in
Pedestrian and Evacuation Dynamics, R. Peacock, E. Kuligowski, and J. Averill, eds.,
pp. 577–586. Springer US, 2011. arXiv:1003.5446 [physics.soc-ph].
[6] H. Kladek, U¨ber die Geschwindigkeitscharakteristik auf Stadtstraßenabschnitten. PhD thesis,
Hochschule fu¨r Verkehrswesen ,,Friedrich List Dresden, 1966.
[7] D. Lohse and W. Schnabel, Grundlagen der Straßenverkehrstechnik und der Verkehrsplanung:
Band 1-Verkehrstechnik. Beuth Verlag, 3 ed., 2011.
[8] N. Wu, “Verkehr auf Schnellstraßen im Fundamentaldiagramm”, Straßenverkehrstechnik 8
(2000) 378–388.
[9] R. Ku¨hne, “Das Fundamentaldiagramm–Grundlagen und Anwendungen”, FGSV Merkblatt
(Entwurf) (2004) 59.
[10] U. Weidmann, Transporttechnik der Fussga¨nger: Transporttechnische Eigenschaften des
Fussga¨ngerverkehrs (Literaturauswertung). ETH Zu¨rich, IVT, 1993.
[11] S. Buchmueller and U. Weidmann, Parameters of pedestrians, pedestrian traffic and walking
facilities. Institute for Transport Planning and Systems (IVT), Chair of Transport Systems,
ETH Zu¨rich, 2006.
[12] W. Daamen, Modelling passenger flows in public transport facilities. TU Delft, Delft
University of Technology, 2004.
[13] N. Bellomo and C. Dogbe, “On the modelling crowd dynamics from scaling to hyperbolic
macroscopic models”, Mathematical Models and Methods in Applied Sciences 18 no. supp01,
(2008) 1317–1345.
[14] G. La¨mmel, M. Rieser, and K. Nagel, “Bottlenecks and congestion in evacuation scenarios: A
microscopic evacuation simulation for large-scale disasters”, in Proc. of 7th Int. Conf. on
Autonomous Agents and Multiagent Systems (AAMAS 2008), Estoril, Portugal. 2008.
[15] G. La¨mmel, H. Klu¨pfel, and K. Nagel, “The MATSim network flow model for traffic
simulation adapted to large-scale emergency egress and an application to the evacuation of
the Indonesian city of Padang in case of a tsunami warning”, in Pedestrian Behavior,
H. Timmermans, ed., pp. 245–265. Emerald, 2009.
[16] F. Venuti and L. Bruno, “Crowd-structure interaction in lively footbridges under synchronous
lateral excitation: A literature review”, Physics of Life Reviews 6 no. 3, (2009) 176–206.
11
[17] O. Beltaief, S. El Hadouaj, and K. Ghedira, “Multi-agent simulation model of pedestrians
crowd based on psychological theories”, in 4th International Conference on Logistics
(LOGISTIQUA), pp. 150–156, IEEE. 2011.
[18] R. Galiza, L. Ferreira, and P. Charles, “Estimating the effects of older people in pedestrian
flow: A micro-simulation approach”, in Transport Research Board TRB 90th Annual Meeting,
pp. 1–13, Transportation Research Board (TRB). 2011.
[19] M. Papadrakakis, M. Fragiadakis, and V. Plevris, “Footbridge Lateral Vibrations Induced by
Synchronised Pedestrians: An Overview on Modelling Strategies”, in 3rd ECCOMAS
Thematic Conference on Computational Methods in Structural Dynamics and Earthquake
Engineering. 2011.
[20] L. Bruno, A. Tosin, P. Tricerri, and F. Venuti, “Non-local first-order modelling of crowd
dynamics: A multidimensional framework with applications”, Applied Mathematical Modelling
35 no. 1, (2011) 426–445.
[21] M. Bruckner, S. Taubo¨ck, N. Popper, Sˇ.. Emrich, B. Rozsenich, and S. Alkilani, “A combined
Cellular Automata and DEVS simulation”, in MathMod 2012. 2012.
[22] F. Huth, G. Ba¨rwolff, and H. Schwandt, “Fundamental diagrams and multiple pedestrian
streams”, Preprint 2012/17 (2012) eprint.
[23] J. Lu¨ßmann and C. Sa´nta, “Network-wide Evaluation of Cooperative Traffic Systems using
Microscopic Traffic Flow Simulation”, Simulation Notes Europe (2012) 89.
[24] J. Zhang, Pedestrian fundamental diagrams: Comparative analysis of experiments in different
geometries, vol. 14. Forschungszentrum Ju¨lich, 2012.
[25] M. Nikolic, M. Bierlaire, and B. Farooq, “Probabilistic speed-density relationship for
pedestrians based on data driven space and time representation”, in Proceedings of the 14th
Swiss Transport Research Conference. 2014.
[26] F. Martinez Gil, Reinforcement learning in a multi-agent framework for pedestrian simulation.
PhD thesis, Universitat de Vale`ncia, 2014.
[27] L. Chen, “Towards a multi-agent based software framework for fine-scale pedestrian movement
modelling”, International Journal of Modelling and Simulation 34 no. 2, (2014) 5945.
[28] J. Daniel, C. Truong, J. Lauffenburger, and M. Basset, “Real-time trajectory generation for
advanced driver assistance systems applications”, in International Forum On Strategic
Technologies (IFOST09), vol. 26. 2009.
[29] T. Kretz, J. Lohmiller, and J. Schlaich, “The Inflection Point of the Speed-Density Relation
and the Social Force Model”, in Traffic and Granular Flow ’15, p. 0. 2016-2017.
arXiv:1507.04935 [physics.soc-ph]. accepted for publication.
[30] D. Helbing, I. Farkas, and T. Vicsek, “Simulating dynamical features of escape panic”, Nature
407 (2000) 487–490, arXiv:cond-mat/0009448.
[31] A. Johansson, D. Helbing, and P. Shukla, “Specification of the social force pedestrian model
by evolutionary adjustment to video tracking data”, Advances in Complex Systems 10
no. supp02, (2007) 271–288, arXiv:0810.4587 [physics.soc-ph].
[32] W. Yu, R. Chen, L. Dong, and S. Dai, “Centrifugal force model for pedestrian dynamics”,
Physical Review E 72 no. 2, (2005) 026112.
[33] W. Yu and A. Johansson, “Modeling crowd turbulence by many-particle simulations”, Physical
Review E 76 no. 4, (2007) 046105, arXiv:0708.3282 [physics.soc-ph].
12
[34] M. Chraibi, A. Seyfried, and A. Schadschneider, “Generalized centrifugal-force model for
pedestrian dynamics”, Physical Review E 82 no. 4, (2010) 046111, arXiv:1008.4297
[physics.soc-ph].
[35] M. Campanella, S. Hoogendoorn, and W. Daamen, “The Nomad model: theory, developments
and applications”, Transportation Research Procedia 2 (2014) 462–467.
[36] J. Zhang, W. Mehner, E. Andresen, S. Holl, M. Boltes, A. Schadschneider, and A. Seyfried,
“Comparative analysis of pedestrian, bicycle and car traffic moving in circuits”,
Procedia-Social and Behavioral Sciences 104 (2013) 1130–1138.
[37] A. Seyfried, J. Zhang, E. Andresen, M. Boltes, W. Mehner, S. Holl, and A. Schadschneider,
“Universalities in fundamental diagrams of cars, bicycles and pedestrians”, in Symposium
Celebrating 50 Years of Traffic Flow Theory. 2014.
[38] Y. Sugiyama, M. Fukui, M. Kikuchi, K. Hasebe, A. Nakayama, K. Nishinari, S. Tadaki, and
S. Yukawa, “Traffic jams without bottlenecksexperimental evidence for the physical
mechanism of the formation of a jam”, New Journal of Physics 10 no. 3, (2008) 033001.
[39] A. Nakayama, M. Fukui, M. Kikuchi, K. Hasebe, K. Nishinari, Y. Sugiyama, S. Tadaki, and
S. Yukawa, “Metastability in the formation of an experimental traffic jam”, New Journal of
Physics 11 no. 8, (2009) 083025.
[40] M. Fellendorf, R. Scho¨nauer, and W. Huang, “Social force based vehicle model for
two-dimensional spaces”, in Transportation Research Board 91st Annual Meeting. 2012.
paper ID: 12-1347.
[41] R. Scho¨nauer, M. Stubenschrott, W. Huang, C. Rudloff, and M. Fellendorf, “Modeling
Concepts for Mixed Traffic: Steps Toward a Microscopic Simulation Tool for Shared Space
Zones”, Transportation Research Record: Journal of the Transportation Research Board 2316
(2012) 114–121.
[42] C. Rudloff, R. Scho¨nauer, and M. Fellendorf, “Comparing calibrated shared space simulation
model with real-life data”, Transportation Research Record: Journal of the Transportation
Research Board 2390 (2013) 44–52.
[43] B. Anvari, W. Daamen, V. Knoop, S. Hoogendoorn, and M. Bell, “Shared Space Modeling
Based on Social Forces and Distance Potential Field”, in Pedestrian and Evacuation Dynamics
2012, U. Weidmann, U. Kirsch, and M. Schreckenberg, eds., pp. 907–916. Springer, 2014.
[44] B. Anvari, M. Bell, P. Angeloudis, and W. Ochieng, “Long-range Collision Avoidance for
Shared Space Simulation based on Social Forces”, Transportation Research Procedia 2 (2014)
318–326.
[45] B. Anvari, M. Bell, A. Sivakumar, and W. Ochieng, “Modelling shared space users via
rule-based social force model”, Transportation Research Part C: Emerging Technologies 51
(2015) 83–103.
[46] S. Bexelius, “An extended model for car-following”, Transportation Research 2 (1968) 13–21.
[47] H. Lenz, C. Wagner, and R. Sollacher, “Multi-anticipative car-following model”, European
Physics Journal B 7 (1999) 331–335.
[48] M. Treiber, A. Kesting, and D. Helbing, “Delays, inaccuracies and anticipation in microscopic
traffic models”, Physica A 360 (2006) 71–88, arXiv:cond-mat/0404736.
[49] S. Hoogendoorn and S. Ossen, “Empirical analysis of two-leader car-following behavior”,
European journal of transport and infrastructure research 6 (2006) 229–246.
13
[50] S. Hoogendoorn, S. Ossen, and M. Schreuder, “Multi-Anticipative Car-Following Behavior: an
Empirical Analysis”, in Traffic and Granular Flow 05, A. Schadschneider, T. Po¨schel,
R. Ku¨hne, M. Schreckenberg, and D. Wolf, eds., pp. 687–697. 2007.
[51] N. Farhi, H. Haj-Salem, and J.-P. Lebacque, “Multi-Anticipative Piecewise Linear
Car-Following Model”, Transportation Research Record 2315 (2012) 100–109,
arXiv:1302.0153 [math.OC].
[52] Y. Hu, T. Ma, and J. Chen, “An extended multi-anticipative delay model of traffic flow”,
Communications in nonlinear science and numerical simulation 19 (2014) 3128–3135.
[53] G. Costeseque and J.-P. Lebacque, “Multi-anticipative car-following behaviour: macroscopic
modeling”, in Traffic and Granular Flow’13, M. Chraibi, M. Boltes, A. Schadschneider, and
A. Seyfried, eds., pp. 395–405. Springer, 2015.
[54] R. Wiedemann, “Simulation des Strassenverkehrsflusses”. Schriftenreihe des IfV, Karlsruhe,
1974.
[55] PTV System GmbH, VISSIM 1.02 – Release Notes, 1993.
[56] PTV AG, VISSIM 5.10 – Release Notes, 2008.
[57] B. Steffen and A. Seyfried, “Methods for measuring pedestrian density, flow, speed and
direction with minimal scatter”, Physica A 389 (2010) 1902–1910, arXiv:0911.2165
[physics.soc-ph].
[58] M. Nikolic and M. Bierlaire, “Pedestrian-oriented flow characterization”, Transportation
Research Procedia 2 (2014) 359–366.
[59] D. Pritchard, “Transportation Research Board template for LaTeX”.
http://davidpritchard.org/archives/116, 2009.
14
